Abstract The red fox (Vulpes vulpes) is common and widely distributed within the UK. It is a carrier or potential carrier of numerous zoonotic diseases. Despite this, there are no published reports on the population genetics of foxes in Britain. In this study, we aim to provide an insight into recent historical movement of foxes within Britain, as well as a current assessment of the genetic diversity and gene flow within British populations. We used 14 microsatellite markers to analyse 501 red fox samples originating from England, southern Scotland and northern France. High genetic diversity was evident within the sample set as a whole and limited population genetic structure was present in British samples analysed. Notably, STRUCTURE analysis found support of four population clusters, one of which grouped two southern England sampling areas with the nearby French samples from Calais, indicating recent (post-formation of the Channel) mixing of British and French populations. This may coincide with reports of large-scale translocations of foxes into Britain during the nineteenth century for sport hunting. Other STRUCTURE populations may be related to geographic features or to cultural practices such as fox hunting. In addition, the two British urban populations analysed showed some degree of differentiation from their local rural counterparts.
Introduction
The red fox (Vulpes vulpes) is a widespread carnivore, occupying much of the Northern Hemisphere in its natural range. It is present throughout mainland Britain, with naturally low densities in upland areas, higher densities in the south and west of England and Wales (Webbon et al. 2004 ) and a total population size of approximately 240,000 (Harris et al. 1995) . In England and Wales, foxes are present in a substantial number of urban areas, and this has recently increased (Scott et al. 2014) . The red fox is considered by some to be a pest species, being an opportunistic hunter of game birds, groundnesting birds and small mammals, often killing animals surplus to its needs (Macdonald et al. 1998 ). In addition, it is a potential carrier of a number of zoonotic diseases, for example classic rabies virus (Wandeler et al. 1974) , Echinococcus multilocularis and Trichinella spiralis (Learmount et al. 2012; Zimmer et al. 2008) . Within Britain, 62 % of foxes carry Toxocara canis (Smith et al. 2003) .
British foxes are thought to have originated from central European populations prior to the formation of the English Channel around 8200 years BP (Edwards et al. 2012 ) and have apparently undergone genetic divergence since then. However, during the late eighteenth and early nineteenth centuries, it was widely reported that the fox population in Britain had fallen to very low numbers. Estimates of the extent of this population size decay are not accurately reported, as it was based on large numbers of anecdotal reports (Bovill 1959; Carr 1976; MacDonald 1989; Griffin 2008) . This decline was in part due to the popularity of sport hunting but also the control of foxes by people who were reliant on rabbits and other game for protein in their diet (Lloyd 1980) . It is therefore likely that this reduction in red fox numbers was restricted to regional locations, e.g. the South East of England where fox hunting was prevalent. In order to sustain fox hunting practices, foxes were translocated from continental Europe (Griffin 2008) . This trade of foxes became quite substantial, with reports of Leadenhall Market in London handling 1000 foxes a year, France being one of the major providers (Bovill 1959) . In addition, more regional translocations of foxes were reported from Wales, Scotland and northern England to southern England (Lloyd 1980) .
A greater insight and improved understanding of the genetic structure of foxes within Britain and parts of continental Europe would provide an insight into the effects of these recent historical movements on the current British fox population. Microsatellites are a widely used genetic tool for determining the degree of population structure and relatedness of individuals. Population genetic studies using microsatellite markers have been widely reported in mammalian species, e.g. the Eurasian badger (Meles meles) (Pope et al. 2007 ), red fox (Galov et al. 2014 ) and the black bear (Ursus americanus) (Brown et al. 2009 ). Such studies have provided information on the social structure, population dynamics, historical movements and gene flow within the animals sampled. However, despite the long and chequered history of the red fox in the UK, there have been no large-scale published studies using microsatellite analysis to study red fox populations within the British Isles. Teacher et al. (2011) reported a small degree of genetic isolation by distance, in modern mitochondrial control region data, from red fox samples originating in Western Europe. Analysis of ancient red fox remains, in the same study, also indicated a wide-scale absence of phylogeographic structure in Western Europe, based upon cytochrome b data. Edwards et al. (2012) examined mitochondrial cytochrome b and control region sequences from 399 modern and 31 ancient fox tissue samples originating from Europe. These data indicated that red foxes from Britain and mainland Europe were a contiguous population before the formation of the English Channel, but as the land bridge became fully submerged around 8200 BP, British foxes became isolated from mainland Europe populations. As a consequence, following the disappearance of this land bridge, the British red fox population is thought to have undergone a founder effect and a separate evolutionary pathway. However, this study does not provide recent historical evidence of the relatedness of British and Mainland Europe red fox populations, which could be determined by microsatellite analysis. Galov et al. (2014) discovered a low genetic differentiation in red fox populations in Croatia based upon analysis of mitochondrial control region haplotypes, with no restriction on gene flow posed by rivers or small mountains. A small number of country-level studies of red fox population using microsatellites have been undertaken, which have found limited levels of population differentiation. Wandeler et al (2003) found small levels of population differentiation in a study of urban and rural populations of foxes in Zurich, Switzerland, finding that a river barrier contributed to population isolation. Mullins et al. (2014) studied the population genetics of Polish red fox population using nine microsatellite markers and found low genetic differentiation between locations within the country, which they attribute to the high connectivity of the Polish landscape and the high dispersal distances of the foxes. Magory Cohen et al. (2013) found four genetic clusters within populations of red foxes sampled in Israel, indicating that, in certain landscapes, population structure can be detected in this highly vagile species.
This study aims to use analysis of microsatellite fragments to provide an insight into the population genetics of the red fox in Britain and look for evidence of European introductions. This would enable an estimation of the genetic diversity of different clusters/groups and the importance of any physical barriers or low-density areas in restricting movement, which may be of use in studies predicting exotic disease spread in foxes, for example E. multilocularis.
Materials and methods

Samples
Red fox tissue samples were obtained via the carcass collection carried out as part of the UK Trichinella surveillance programme (Zimmer et al. 2008) . Fox carcasses were collected from gamekeepers and landowners during standard pest control practices, as well as via road traffic accidents. Post-mortem, an ear tip or bicep muscle sample was collected for genetic analysis and stored at−20°C. Red fox whole blood and tissue samples were also obtained from individuals in two regions in France (from the French Agency for Food, Environmental & Occupational Health and Safety (ANSES), Maisons-Alfort, Paris).
Geographical coordinates (latitude and longitude) for all individual fox samples collected were plotted in Arc-GIS 9.3.1 software (Esri, Redlands, CA, USA). Individual fox samples were included in the analysis at locations where relatively high numbers had been sampled. These locations formed the putative populations and individuals were chosen for inclusion so that they covered a wide geographic area of England and Southern Scotland, in discrete clusters (Fig. 1) . A range of different land use classes were selected where possible and two urban sites were included. Genotyping DNA was extracted from ear tips or biceps according to a method for rapid isolation of nucleic acids from mammalian tissues (Sambrook and Russell 2001) . A piece of tissue weighing approximately 100 mg was excised from the sample. Proteinase K was then added to induce cell lysis, and the proteins precipitated using 10 M ammonium acetate (SigmaAldrich, Poole, Dorset, UK) (rather than potassium acetate as stated; Sambrook and Russell 2001) . DNA was precipitated with isopropanol, the pellet washed in 70 % ethanol and resuspended in 200 μl of 1× TE buffer (Sigma-Aldrich, Poole, Dorset, UK). DNA extraction from whole blood samples were carried out using the QIAamp DNA Blood Midi/Maxi Kits (spin protocol) (Qiagen Ltd, Crawley, West Sussex, UK) depending upon the volume of blood collected. In order to prevent blockage of the spin column, a 1 in 10 dilution of the blood sample with phosphate buffered saline was carried out prior to loading on the column.
Amplification of the microsatellite fragments was carried out with 14 loci, as detailed in Table 1 . These loci were previously reported as amplifying microsatellites in dog breeds (Ostrander et al. 1993; Holmes et al. 1993 Holmes et al. , 1995 Francisco et al. 1996; Fredholm and Wintero 1995) , V. vulpes and Vulpes lagopus (Arctic foxes). The markers were not multiplexed until after the PCR amplification stage, as multiplexed PCRs with these markers and DNA samples were found to substantially compromise microsatellite amplification. PCR reactions comprised 10 μl JumpStart REDTaq ABI dyes HEX, 6-FAM and NED are indicated where present on the forward primer.
a A 'pig-tailing' modification (GTTTCTT) was added to the 5′ end of each reverse primer to reduce non-templated addition of primarily adenosine nucleotides (Brownstein et al. 1996) , which could otherwise lead to problems in accurate sizing of the DNA fragments b Indicates touchdown PCR. This consisted of an additional cycling stage, following the initial step of 94°C for 2 min. It comprised 20 cycles of 94°C for 1 min, 1 min at 10°C above the stated annealing temperature (which dropped −0.5°C per cycle) and 72°C for 1 min ReadyMix PCR Reaction Mix (2× reaction concentrate) (Sigma-Aldrich) containing 1.5 mM MgCl 2 ; forward and reverse primers (concentrations detailed in Table 1 ) (SigmaAldrich/Applied Biosystems, Foster City, CA, USA); and 1 μl DNA template. Magnesium chloride concentrations were 1.5 mM (ABgene, Epsom, Surrey, UK) and the remaining volume was made up to 20 μl with de-ionised sterile water. PCR reactions were performed using standard reaction conditions of 94°C for 2 min, 35 cycles of 94°C for 1 min, 1 min at the annealing temperature (Table 1) , and 72°C for 1 min. This was followed by a final extension of 72°C for 5 min and 60°C for 1 h (some loci required an additional touchdown stage as detailed in Table 1 ). Microsatellite fragment analysis was carried out using POP-7 polymer in a 36-cm capillary array, mounted on a 3130xl Genetic Analyser (Applied Biosystems) using Genescan Rox 500 size standard (Applied Biosystems) following standard protocols. Two negative controls were included in each DNA extraction batch, which were then PCR-amplified with all loci and analysed using 3130xl Genetic Analyser. This enabled a thorough assessment of the whole procedure for cross-contamination issues. GENEMAPPER 3.7 (Applied Biosystems) was used to determine the accurate size of each microsatellite fragment.
Data analysis
Null allele frequency estimates per locus were determined using CERVUS 3.0 (Kalinowski et al 2007) . All microsatellites were tested for departures from Hardy Weinberg equilibrium (HWE) and for linkage disequilibrium using GENEPOP (Rousset 2008) , using 10,000 dememorisation steps and 1000 batches of 5000 iterations per batch. P values were adjusted for multiple tests using the Bonferroni correction. GENETIX (Belkhir et al. 2004 ) was used to calculate the overall estimate of G ST (Nei 1973) , expected heterozygosity (H E ) and observed heterozygosity (H O ) values per locus and per population, mean number of alleles (A) per population and the inbreeding coefficient (F IS ) (Weir and Cockerham 1984) per population. GENETIX was also used to visualise the differences between populations using a Factorial Correspondence Analysis (FCA), based on the multilocus genotypes of all the samples. STRUCTURE 2.3.4 (Pritchard et al. 2000) was used to investigate the likelihood of each individual belonging to one of several clusters (K) based on allele frequencies, using Bayesian clustering methodology. The admixture ancestry model with correlated allele frequencies was used, assuming a uniform prior and without any prior population information (locprior = 0). The length of the burn-in period was 10,000 iterations and the number of Markov Chain Monte Carlo repetitions was 1,000,000. The optimum number of clusters was determined by performing 10 runs at K=1 to 19. Structure Harvester (Earl and VonHoldt 2012) (http://taylor0.biology.ucla.edu/ structureHarvester) was also used to calculate the Delta K (Evanno et al. 2005) . Runs for K=4 (the optimum number of populations, as estimated by the log likelihood and Delta K) were combined into a single graphic using the programmes CLUMPP (Jakobsson and Rosenberg 2007) and DISTRUCT (Rosenberg 2004) .
ARLEQUIN 3.5.1.2 (Excoffier and Lischer 2010) was used to calculate the proportion of genetic variation between and within populations, using analysis of molecular variance (AMOVA) and calculation of pairwise F ST indices and the associated P values (significance tested using 1000 replicate bootstrap) for all populations.
The relationship between geographic and genetic distance between populations (isolation by distance) was assessed with a Mantel test of pairwise genetic and geographic distance between individuals in the program GenAlEx v6.501 (Peakall and Smouse 2012) , using 999 permutations. This was done on the whole dataset and on the British data alone. GenAlEx v6.501 was also used to run a spatial autocorrelation analysis with a range of distance classes (10-50 km), using 999 permutations and 1000 bootstraps to assess the significance of the results.
Results
All 14 loci were found to amplify V. vulpes microsatellite fragments. There was no evidence of linkage disequilibrium between the microsatellite markers, and no departures from HWE within the loci within each location. Three loci (C213, CPH3 and CPH8) were estimated to have a high frequency of null alleles and were excluded from the dataset. The expected (H E ) and observed heterozygosity (H O ) values per locus for the remaining markers are shown in Table 1 . Both H E and H O values for locus vv2165 were very low (0.04), because this marker was almost monomorphic for the dataset. However, it amplified quite rare alleles in some of the individuals sampled and is therefore still informative.
DNA extracts from individuals which showed clear amplification products in 8 or more loci out of 11 were included in the analysis (n=501); see Fig. 1 . The number of foxes per population that were included in the analysis ranged from 14 to 58 individuals (Table 2 ). All microsatellite markers used in the analysis were polymorphic within this dataset, with 7 out of 11 displaying a high degree of polymorphism (≥7 alleles).
Values showing the genetic variability within each putative population (Table 2) indicate that sample sizes for all populations were sufficient to enable reliable population genetics analyses (between 14 and 58 individuals per population). All populations showed relatively high allelic diversity, with the mean number of alleles (A) per population between 3.36 and 6.09 and H O values for each population between 0.45 and 0.70. The differences between each H E and the corresponding H O value per population were minimal. There was no evidence of significant inbreeding, as measured by F IS , within any of the populations analysed.
Using the original population groupings, the analysis of molecular variance (AMOVA) indicated that 94.81 % of the variation in allele frequencies was the result of variation within individuals within populations, and only 5.24 % was due to variation between populations. Grouping individuals into populations using the STRUCTURE groupings at K=4 for the AMOVA analysis, a similarly small degree of variation (4.31 %) was apparent between populations within groups, and an additional 0.92 % of the overall variation was between individuals within populations ( Table 3) .
The STRUCTURE results suggested a best fit of K=4 clusters, both from the highest log probability of the observed clusters (LnP) and highest Delta K (Evanno et al. 2005 ) (Electronic Supplementary Fig. S1 ). These clusters corresponded to an East Anglian cluster (Norfolk, Suffolk and Essex), northern England/southern Scotland (Dumfries, Borders, Northumberland and Cumbria), south eastern England and north eastern France (Sussex, Kent and Calais), and an urban cluster comprising the Leicester population. The remaining populations (Derbyshire, London, Cornwall, North Yorkshire, Nottinghamshire, Buckinghamshire, Gloucestershire Population ID and Population identification relates to its geographical location shown in Fig. 1 , n sample size per population, H E expected heterozygotes, H O observed heterozygotes, A mean number of alleles, F IS inbreeding coefficient (calculated using 1000 bootstraps) with 95 % CI (confidence intervals) (Figs. 1 and 2) . At higher levels of K, Calais was identified as a distinct population (at K= 5) as was the Meurthe population (at K = 6; Electronic Supplementary Fig. S3 ). The FCA found some support for similar clusters and some distinct populations, with the first axis (22.1 % of the total variation) and second axis (20.2 %) of variation separating the East Anglian cluster, the south eastern England and north eastern France cluster, and the Meurthe-etMoselle population, and the third (19.5 %) and fourth axis (14.0 %) separating out the London population and the northern England/southern Scotland cluster (Electonic Supplementary  Fig. S2 ). None of the first four axes separated the Leicester population as distinct. The majority of pairwise F ST values were significant (P>0.05, ranging from 0.004 to 0.181), with non-significant values mostly present between pairwise comparisons within the northern England/southern Scotland populations (Northumberland, Cumbria, Borders, Dumfries and North Yorkshire) (Table 4 ). Both the urban populations (London and Leicester) had high F ST values in all pairwise comparisons. In contrast to the STRUCTURE analysis, high F ST values were found between the Calais population and all British populations.
A very small degree of genetic isolation by distance was observed in a positive Mantel test between pairwise geographic and genetic distances, both for the whole dataset (R 2 = 0.0153, P<0.001) and for the British data alone (R 2 =0.007, P<0.001). The spatial autocorrelation analysis showed a pattern of decreasing relatedness with increasing geographic distance, with significantly positive relatedness values, r, among samples that were separated up to around 90 km (Electronic Supplementary Fig. S4 ).
Discussion
Overall, the red fox populations in this study had high levels of microsatellite diversity, similar to those found in other fox microsatellite studies (Wandeler et al. 2003; Oishi et al. 2011; Magory Cohen et al. 2013; Mullins et al. 2014 ) and a Random Amplified Polymorphic DNA (RAPD) marker study in northern France (Gachot-Neveu et al. 2009 ). Pairwise F ST values for all populations indicated a high proportion of mixing among populations, with only slight/moderate genetic differentiation discernible via microsatellite analysis. Further support for this is evidenced by the very high proportion of variation within individuals between populations (95 %), rather than the variation found between populations (5 %). This pattern of a very high proportion of intra-populational variation was also observed in other red fox populations, for example in Croatia (Galov et al. 2014 , with 93 % of the genetic variance being intra-populational) and in Israel (Magory Cohen et al. 2013 ). All regions of Britain which have been represented in this study therefore appear to have red fox populations which have not experienced a significant bottleneck, with no evidence of substantial restrictions to gene flow. This is perhaps surprising, given the reported extent of the regional fox population decline in the UK during the late eighteenth and early nineteenth centuries, and the likelihood that a proportion of British foxes from this period were derived from imports from the continent. The translocated foxes may have had poor opportunities to breed, given that they were introduced to be hunted. This local population reduction and subsequent translocation do not appear to have had a discernible effect on the genetic diversity of the current population. Other widespread vagile carnivore species show similar trends (i.e. low population differentiation and high genetic diversity), such as the golden jackal (Magory Cohen et al. 2013) , wolverine (Kyle and Strobeck 2002) and American pine marten (Kyle and Strobeck 2003) .
Despite low levels of between-group variation, the Bayesian clustering analysis in STRUCTURE still found highest support for four genetic groupings of fox populations. Some of these clusters were also apparent in the Factorial Correspondence Analysis (FCA). These findings were in contrast to the fox microsatellite study in North East Poland (Mullins et al. 2014) , which found no population substructuring, but similar to those in Israel (Magory Cohen et al. 2013) , which also identified four genetic subpopulations. This is likely an effect Population ID relates to the putative population's geographical location as shown in Fig. 1 of weaker landscape connectivity for foxes in Great Britain and Israel, which have relatively heterogeneous landscapes, compared to the area in the Polish study, which has few large urban areas and is characterised by mixed woodland and agriculture, with greater landscape connectivity. Factors affecting fox density and thus genetic diversity and gene flow include landscape variables, availability of resources and intense culling practices . At the wider geographic scale, Edwards et al. (2012) reported evidence of segregation of populations of red foxes within Europe based upon mitochondrial DNA (cytochrome b and control region) analysis, in particular England, Scotland, Wales, Ireland and the Netherlands formed one population and the rest of Europe another.
Some of the STRUCTURE clusters could be identified clearly, while a large proportion of the populations and individuals were admixed, supporting the interpretation of weak population subdivisions within the data. The FCA and pairwise F ST values did provide some additional support, notably for the East Anglian cluster (Norfolk, Suffolk and Essex), which is isolated on two sides by the North Sea and an area that has historically been characterised by high levels of fox hunting, and a northern England/southern Scotland cluster, which may be relatively isolated from the rest of the populations sampled by the high ground in the north of England. The two primarily urban populations, London and Leicester, both show some degree of distinctiveness from other populations in certain analyses; Leicester is identified as a distinct cluster in STRUCTURE but not the FCA, London shows some degree of separation from other populations in the FCA but not STRUCTURE, and both have high pairwise F ST values with other populations. They are relatively distinct from the British rural populations, which implies that gene flow between urban and rural communities may be somewhat restricted. The lack of any apparent difference between the range of observed heterozygosity levels found in rural (0.42 to 0.64) when compared to urban sites (0.46 and 0.50) indicates that the two urban sites studied did not have any founder effect(s) or subsequent genetic drift. These findings are in contrast to the origins of the urban population of red foxes reported in the city of Zurich (Wandeler et al. 2003) . However, it is suggested that the likely founder effects observed in the Swiss study could at least in part be due to the dramatic rise in fox density, which occurred following the cessation of a culling programme carried out during the 1970s and 1980s, in response to the continental rabies epidemic (Gloor et al. 2001) . Given its relative isolation within Britain, and its distance from other sampling locations, it is surprising that the Cornish population shows no significant genetic isolation from the other populations. Both the FCA and the STRUCTURE analysis support a south eastern England/ north eastern France cluster of Kent, Sussex and Calais. At higher values of K, the Calais population becomes a distinct population in the STRUCTURE analysis. However, the pairwise F ST values between Sussex/ Kent and Calais are higher than many other pairwise values. This discrepancy aside, the clustering of these populations supports the recent mixing of these French and English populations, possibly due to the translocation of French foxes into a declining English fox population in this area of England during the nineteenth century (Bovill 1959; Griffin 2008) .
The significantly positive relatedness values among individuals up to around 90 km, as detected by the spatial autocorrelation analysis, show that individuals within this distance were more likely to be related to each other than would be expected by chance. The extent of this distance may be caused by relatively higher dispersal in British foxes. This distance compares with a value of approximately 20 km found in Poland (Mullins et al. 2014 ). We also found small but statistically significant genetic isolation by distance, which is likely to be the result of random genetic drift. These findings are consistent with those of Teacher et al. (2011) , who report a small degree of genetic isolation by distance, in modern mitochondrial control region data, and a wide-scale absence of phylogeographic structure (using ancient samples) based upon cytochrome b data, in V. vulpes in Western Europe. The species' versatility and capacity to adapt to a broad range of habitats, along with a comparatively high degree of dispersal in both males and females, are suggested as the main reasons for the low levels of genetic structure observed (Teacher et al. 2011) .
In conclusion, this study has found high genetic diversity and low phylogeographic structure within England and southern Scotland with a limited degree of isolation by distance, perhaps caused by human translocations of foxes or a naturally high migration rate. Urban fox populations may only be slightly differentiated from the local rural populations. One French population was found to be similar to south eastern England populations, indicating that there has been some relatively recent gene flow between the populations, potentially a residual genetic impact from nineteenth century importation of foxes into areas of low population density within Britain. This also suggests that there are no substantial barriers to exotic disease spread within foxes in Britain.
